During pregnancy physiological changes in circulating blood volume, cardiac output (CO), and arterial resistance allow the cardiovascular system to compensate for the increased metabolic demands. In normal pregnancy (NP), the increased CO is balanced by a vasodilatation of the resistance vessels (peripheral arteries), thus reducing arterial blood pressure throughout the course of pregnancy. [1] [2] [3] Whether this circulatory adaptation also is accompanied by alterations in the properties of large systemic arteries have not been well defined. The ventriculo-arterial coupling (VAC) or interaction describes the transfer of mechanical energy from the heart to the circulatory bed and has been expressed as the ratio between the "elastance" of the arterial system, (effective arterial elastance (Ea)) and left ventricular stiffness (E LV ). 4 During normal physiological responses, VAC facilitates optimal cardiac work, power, and cardiac efficiency while maintaining blood pressure and CO within a physiologic range. 4, 5 The combination of ventricular and arterial stiffening alters the way in which the cardiovascular system can respond to stress demands, and changes in volume and pressure loading. Measures of ventriculo-vascular coupling have provided new insight in the pathophysiological effects of aging, hypertension, and heart failure on cardiovascular performance. 6, 7 Although VAC is likely to play an important role in the circulatory adaptation during NP, it has not been assessed.
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Arterial and Ventriculo-Arterial Response in Preganancy related to changes in the systemic arterial function and VAC. Thus, our aim was, by use of comprehensive noninvasive techniques, to characterize the systemic arterial response, as well as the VAC in healthy women during NP.
Methods
Study subjects. A prospective longitudinal study of hemodynamic changes and systemic arterial properties was performed in 65 healthy women. Seventy healthy women with defined normal singleton pregnancy in the first trimester were invited to participation, of which 65 were included (age 32 ± 5 years, mean ± s.d.). Exclusion criteria were: Hypertension (i.e. systolic/diastolic blood pressure >140/90 mm Hg), proteinuria (urine albumin to creatinine ratio above 30 mg/mmol or at least +1 proteinuria on urine stix on two occasions at least 6 hours apart, before or after delivery), endocrinological disturbances, diabetes, or any evidence for cardiovascular disease based on medical history, clinical and biochemical investigation, 12-channel electrocardiogram, and echocardiography. Women who were eligible, and who gave written informed consent, were included in the study. The study was approved by the Regional Committee for Ethics in Medicine.
A hemodynamic assessment was performed repeatedly at gestational weeks 14-16 (number of participating subjects, n = 65), 22-24 (n = 63), and 36 (n = 61), and finally at 6 months postpartum (PP) (n = 63). As we expect hemodynamic changes due to the pregnancy to be normalized after 6 months, this time point was taken as reference.
Body surface area (BSA) for the indexation of CO was measured and calculated at every consultation.
Two were lost to follow-up because of spontaneous abortion after the first investigation, and two were lost at the 36 weeks measurement because of preterm birth.
Echocardiography. We performed echocardiographic examinations with the women in the 30-degree left lateral position using a Vivid 7 ultrasound scanner (GE Vingmed Ultrasound, Horten, Norway). Recordings were performed in the standard parasternal short-and long-axis projections, as well as apical four chamber, two chamber, and long axis. 9 Three consecutive representative cineloops were obtained for offline analysis. The aortic annulus was imaged on three consecutive parasternal long-axis echocardiograms. The aortic annular diameter was measured at the base of the aortic valve leaflets with the trailing-to-leadingedge method. 9 The average diameter was used in calculations of the aortic annulus cross-sectional area, assuming a circular orifice. Left ventricular end-systolic volume and ejection fraction were calculated by the Simpson biplane method, utilizing endocardial contours in the apical 4 chamber view and either 2 chamber or long-axis views depending on which provided the best endocardial definition. 9 Stroke volume was calculated from pulsed wave Doppler recordings in the left ventricular outflow tract. The average stroke volume from at least three consecutive cycles was calculated. All volumes were normalized to BSA, yielding their respective indexes: end-systolic volume index (ESVI) and stroke volume index (SVI). All analyses were performed offline (Echopac 7.0; GE Vingmed Ultrasound). The echocardiographic examinations and analyses were performed by the same investigator (M.-E.E.).
Aortic root pressure estimates. Right subclavian artery pulse waveform represents the aortic root pressure waveform well, 10 and was obtained by high-fidelity external applanation tonometric device (Millar SPT-301; Millar Instruments, Houston, TX). The probe was lightly positioned over the right subclavian artery with the women in the left lateral position. Recordings were performed semi-simultaneously with Doppler blood flow recordings in left ventricular outflow tract and the parasternal short-axis midventricular cineloops. The tonometric recordings were performed during the echocardiographic examination with the woman in the left lateral recumbent position and close to the Doppler recordings (i.e., <5 min). The tonometric signal was automatically and simultaneously transferred to a personal computer for amplification and further processing with dedicated software, 11 programmed in commercially available software (MatLab 7; MathWorks, Natick, MA). Time for analyses of the data took ~5 min/patient. At least three cardiac cycles with adequate pulse tracing and Doppler signals were selected for analysis (Figure 1) . Feasibility for the subclavian arterial pulse trace recordings was 95%, with 5% exclusions because of suboptimal waveform quality.
The subclavian arterial waveform was calibrated to its peak and nadir by brachial arterial systolic and diastolic blood pressure measurements, which was obtained by automatic oscillometric technique (Dinamap ProCare 300-Monitor, Criticon; GE Medical Systems, Amersham, UK) using a pneumatic cuff on the right upper arm. Triple recordings were obtained, and the mean systolic and diastolic pressures were assessed as the mean of the three recordings.
Systemic arterial properties. Systemic arterial properties were estimated from aortic root blood flow and pressure estimates (see Figure 1) by use of Fourier analysis and a lumped parameter 3-element windkessel model of the systemic circulation, 12 in dedicated software. 11 Systemic arterial properties were characterized by peripheral arterial resistance (R), characteristic impedance (Z 0 ), and total arterial compliance (C). R was obtained as aortic root mean arterial pressure over CO. Z 0 is indicative of the proximal aortic stiffness, and was available both from the Fourier analysis of aortic root pressure and flow data as the average of high-frequency harmonics (3rd-10th harmonic), 13 as well as a parameter of the 3-element electrical analogue lumped windkessel model. 13 Similarly, C was calculated using the pulse pressure method and was also available as a parameter from the windkessel model. 13 Furthermore, we analyzed pressure wave reflections in the aorta. For analytical purposes the pressure wave can principally be separated into its forward (Pf) and backward, reflected (Pb) components by use of aortic root pressure (P), flow (Q), and Z 0 . 14 The ratio of the amplitudes of Pb and Pf yields the reflection magnitude. We used the frequency-domain estimate of Z 0 for the wave separation analysis.
VAC. Effective Ea, was calculated as end-systolic pressure over stroke volume, and then indexed by BSA, to yield arterial elastance index (E a I). 15 Effective Ea shares common units with elastance measures of ventricular function E LV, which also is indexed for BSA (E LV I). E LV I represents the left ventricular systolic elastance index and is calculated as Pes/ESVI (thus neglecting the volume intercept of the end-systolic pressure volume relationship, V0). The ratio between arterial and LV elastance (E a I/E LV I) is regarded to be an index of arterio-ventricular coupling. 16 From the definitions of E a I and E LV I and the approximation that V0 ≈ 0, it follows that E a I/E LV I = ESVI/ SVI. 6 In the normal physiological resting state, E a I/E LV I varies between 0.5 and 1.0, where values close to 0.5 indicate a maximal cardiac efficiency whereas values approaching 1.0 indicate maximal external cardiac work, 17 thus providing a framework for analysis of cardiac performance and efficiency. 13, 7 Statistics. Continuous follow-up data are presented as mean ± s.d. We defined the recordings at 6 months as reference point, assuming that vascular properties then had returned to normal. 2 The changes in hemodynamic data during the three subsequent follow-up time-points during pregnancy and 6 months follow-up were analyzed by mixed model regression analysis with appropriate post-hoc statistical testing. Correlations between variables were obtained by Pearson correlation coefficients. All statistical analyses were performed with SPSS statistical software (SPSS 16.0; SPSS, Chicago, IL).
The recordings from 25 randomly selected study subjects were reanalyzed by an independent and echocardiographically experienced investigator. Intraobserver repeatability was obtained from the two measures of observer A (M.-E.E.), as the mean difference with s.d. and the intraclass correlation coefficients (ICC). Interobserver repeatability was obtained using the same parameters from the measurements of observer A and B (J.O.B.), respectively. For MAP intra-and interobserver repeatability were 1.0 ± 3.4 (ICC 0.97) and 1.1 ± 6.8 mm Hg (ICC 0.92). For Pes intra-and interobserver repeatability were 1.2 ± 3.9 (ICC 0.97) and 1.8 ± 7.3 (ICC 0.91). Ejection fraction intra-and interobserver repeatability were 1 ± 3% (ICC 0.87) and 1 ± 3% (ICC 0.90).
results
The main characteristics of the study population are reported in Table 1 .
systemic hemodynamics
During NP, CO increased by 20% (P < 0.01) due to a significant increase in both heart rate and stroke volume ( Table 2 ). Blood pressure decreased by 10% as compared to 6 months PP control (P < 0.01). Peripheral vascular resistance was significantly reduced during pregnancy with a nadir at 22-24 weeks (P < 0.01) ( Table 3) . Proximal aortic stiffness (Z 0 ) and total arterial C were not significantly changed during pregnancy as compared to 6 months PP control (both windkessel model (P = 0.22) and the pulse pressure method (C-PPM, P = 0.45)). The amplitude of forward (P = 0.01) and backward (P < 0.01) pressure waves were significantly reduced during NP, both with a nadir at 36 weeks control. The reflection magnitude, i.e. the ratio between mean reflected and forward aortic root pressure (Pb/Pf) trended lower during NP (P = 0.051) as compared to 6 months PP control.
interaction between lV and systemic arteries (Vac)
The Ea index, E a I decreased significantly at weeks 14-16 and 22-24 as compared to 6 months PP (P < 0.01) by a magnitude of 21% ( Table 4 ). The LV elastance index, E LV I, was significantly decreased at weeks 22-24 and at 36 weeks (P < 0.01). The magnitude of decrease in E LV I was 29%. Early in pregnancy and PP, the VAC index E a I/E LV I, averaged 0.45 ± 0.14. In third trimester, however, the index had increased to 0.64 ± 0.23 (P < 0.01 vs. 6 months PP) ( Table 4) .
discussion
The present study is, to our knowledge, the largest one that assesses the sequential adaptation of maternal systemic arterial properties and ventriculo-arterial interaction during NP in healthy women. During the course of pregnancy we found that the main adaptation of systemic arterial function was a reduced peripheral resistance whereas proximal aortic stiffness and arterial C were not significantly changed. Systemic arterial C reflects the change in systemic arterial volume relative to change in pressure in the systemic arteries. In NP, total arterial C is regarded to be maintained high in order to accommodate the substantial increase in intravascular volume with little change in blood pressure. 4, 18 This is supported by results from a chronic experimental rodent model where total arterial C was found increased during pregnancy. 19 Likewise, Poppas et al. reported in a clinical study a significantly elevated total arterial C in the first, second and, third trimester as compared to 8 weeks PP control in 14 normal pregnant women. 20 In our data, total arterial C by both the pulse pressure method and the windkessel model estimation, only trended numerically higher in the first, second, and third time point compared to the reference point. Furthermore, Z 0 as a parameter of proximal stiffness, obtained both by the frequency-domain method and the windkessel model estimates, only trended lower during pregnancy. This contrasts the finding of Poppas et al., 20 who reported Z 0 to trend higher in first and second trimester and lower in third trimester, all compared to 8 weeks PP control. These alterations of vascular parameters were, however, not significant in neither ours nor Poppa's results. Although sample size may have been too small to detect true changes in either of these studies, the results indicate that changes in aortic C and proximal aortic stiffness, if any, are small during NP. original contributions
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On the other hand we found Ea to be significantly decreased early in pregnancy. However, Ea is strongly influenced by heart rate, 21 which increases during pregnancy and therefore may explain the change in Ea. The only hemodynamic parameter showing a clear trend is the lower reflection magnitude at weeks 22-24 and 36. Given that the vascular parameters reflecting large artery properties (C and Z 0 ) remain fairly constant, the lower reflection coefficient is most likely the result of vasodilation taking place on the arteriolar level.
The resultant change in the interaction between LV and the arterial system (VAC) from a state of maximal cardiac efficiency (E a I/E LV I: 0.45) towards a maximal cardiac work (E a I/ E LV I: 0.64) underscores the increased demands on the heart pump during pregnancy which in susceptible individuals may lead to heart failure. The ventriculo-vascular coupling is an important determinant of cardiac performance. 22 In nonpregnant subjects, Ea and E LV are standardised according to BSA; E a I and E LV I. Indexing of hemodynamic variables in pregnancy by use of BSA is debated. 23 However, the VAC index is the ratio between these two parameters, and is thus independent of BSA. Under normal resting conditions, when the interaction between the LV and arterial system are optimal, the E a I/E LV I ratio is usually close to unity (0.8-1.2). 7, 15 Najaar et al. used coupling index E a I/E LV I to assess ventriculo-vascular interaction in healthy nonpregnant women, and found that this ratio decreased significantly from rest (0.57) to peak exercise (0.21). They concluded that ventriculo-arterial interaction in the resting state is maintained in a range that maximizes the efficiency of the heart. In the present study, we found E a I/E LV I, to be 0.45 both in first trimester and PP, reflecting an optimized cardiac efficiency. However, with advancing gestational age the coupling index, E a I/E LV I increased significantly to 0.64 at 36 weeks. R was significantly reduced throughout pregnancy when compared to the PP state. One would expect that this reduction in the external load of the ventricle would reduce the coupling index. The increase in coupling index during third trimester that we observed is therefore most likely due to the greater relative decrease in LV contractility than the reduction in arterial load, which reflects a shift in the VAC from a state of maximized cardiac efficiency towards maximized cardiac external work.
clinical relevance
The present study demonstrates that a comprehensive analysis of cardiovascular adaptation during physiological alterations is readily available by use of repeated measurements with noninvasive techniques. 10 Importantly, for studies in the present population there is no need for sedatives during the recordings, thereby avoiding any fetomaternal risks as well as alterations of normal cardiovascular physiological responses.
Women with congenital heart disease may experience deterioration in cardiac function during pregnancy. In this context, repeated measures of cardiac function by estimating VAC in pregnant women with congenital heart disease may be of clinical interest and relevance. In addition, estimating VAC in women with peripartum cardiomyopathy may provide new insight in the pathophysiological processes.
Whereas a NP is characterized by a high CO and a low systemic vascular resistance, the situation is often reversed in preeclampsia. 24, 25 In previous noninvasive investigations using pressure and flow estimates in preeclamptic women, a reduction in total arterial C and an increase in proximal stiffness have been reported. 26, 27 Our data are relevant as reference values for the sequential follow-up of arterial properties and VAC in normal pregnancies.
During NP, profound alterations of systemic hemodynamics occur with increased CO and reduced blood pressure. The reduced blood pressure is mainly related to a reduction in R whereas changes in central aortic properties seem to be less altered. VAC index is increased during late pregnancy suggesting a suboptimal interaction between LV and systemic arteries, most likely due to reduced LV contractility. 
